Direct CP violation in semi-leptonic and leptonic decays by Pleitez, V.
ar
X
iv
:h
ep
-p
h/
99
07
25
2v
2 
 1
4 
D
ec
 2
00
0
Direct CP violation in semi-leptonic and leptonic decays
V. Pleitez
Instituto de F´ısica Teo´rica
Universidade Estadual Paulista
Rua Pamplona 145
01405-900– Sa˜o Paulo, SP
Brazil
(February 24, 2017)
We show that direct CP violation in semi-leptonic and leptonic decays can occur in multi-Higgs
doublet extensions of the electroweak standard model with flavor changing neutral currents. For
pion and lepton decays this CP violating effects cannot be constrained by experimental data since
up to now the branching ratio of the decays pi− and µ− have not been measured in laboratory.
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I. INTRODUCTION
Recently it was pointed out by Kaplan [1,2] that the
comparison between the polarizations of µ+ from the de-
cay of π+ and of µ− from the decay of π− could be used
in order to verify if CP is violated in the π → µ → e
chain decay. Denoting by Api+ and Api− the oscillation
amplitudes for muons from π+ and π− respectively it was
found from the gµ − 2 data [3] that [1]
− 0.01 < ACP ≡ Api+ −Api−
Api+ +Api−
< 0.02. (1)
If this asymmetry is confirmed in the future, i.e., ACP 6=
0, it means the existence of CP violation in pion and/or
muon decays. Hence, we can ask ourselves what sort of
models can produce them.
The goal of this work is to point out that multi-Higgs
doublet extensions of the SU(2)L ⊗ U(1)Y model with
flavor changing neutral currents (FCNC) in the Yukawa
sector and CP violation, through the flavor mixing ma-
trix in the interactions with the vector bosons W± and
through the scalar sector (spontaneous or explicit), imply
direct CP violation in semi-leptonic and leptonic decays.
We also introduce a different way for counting the physi-
cal phases in the fermion mixing matrices. Although this
way coincides with the usual one, it is more appropriate
when there are flavor changing neutral currents in a given
model. If there is CP violation but not FCNC the effects
are proportional to the fermion mass and therefore negli-
gible. This of course implies constraints coming from de
neutral meson parameters, notwithstanding, since there
are new mixing angles those constraints do not necessar-
ily imply large mass for both neutral and charged scalars.
For instance masses of the order of 150 GeV are still pos-
sible in models with similar effects to the present one [4].
In the SM [5] the only source of CP violation is the
phase in the mixing matrix VCKM of the vector charged
currents [6] or, if we enlarge the Higgs sector it is pos-
sible to implement spontaneous or explicit CP violation
through the scalar exchange [7]. As we said before, here
we will point out an effect which arises when a model has
any kind of CP violation and also flavor changing neutral
currents (FCNC).
II. MULTI-HIGGS EXTENSIONS OF THE SM
In the electroweak standard model (ESM by short)
based on the gauge symmetry SU(2)L⊗U(1)Y and with
only one Higgs doublet, the Yukawa interactions in the
quark sector are
− LqY = ψ¯L(ΓdΦD′R + ΓuΦ˜U ′R) +H.c., (2)
with Φ = (φ+, φ0)T , Φ˜ = iτ2Φ∗, and Γd,u being arbitrary
complex matrices (Yukawa couplings) in the flavor space,
ψL = (U
′, D′)L denotes the doublet of left-handed fields;
D′R and U
′
R are gauge singlets; τ
2 is the Pauli matrix and
primed fields denote symmetry eigenstates. After the
spontaneous symmetry breaking the neutral component
of the scalar doublet φ0 is shifted: φ0 = (v + H0)/
√
2;
being v the vacuum expectation value (VEV) and H0 a
physical scalar field. Then, the Yukawa neutral interac-
tion reads in the symmetry basis
− LqY =
(
U¯ ′LM
uU ′R + D¯
′
LM
dD′R +H.c.
)(
1 +
H0
v
)
,
(3)
with the quark mass matrices M q = v Γq/
√
2. Next, we
must diagonalize the quark mass matrices Mu,Md by
using biunitary transformations
V u†L M
uV uR = Mˆ
u, V d†L M
dV dR = Mˆ
d, (4)
1
with
Mˆu ≡ Diag(mu, mc, mt) and Mˆd ≡ Diag(md ,ms ,mb).
The physical (unprimed fields) states are related to the
symmetry eigenstates as follows:
U ′L = V
u
LUL, U
′
R = V
u
RUR, D
′
L = V
d
LDL, D
′
R = V
d
RDR,
(5)
and with Eqs. (4) and (5) the Yukawa interactions in
Eq. (3) become diagonal in the flavor space
− LqY =
(
U¯LMˆ
uUR + D¯LMˆ
dDR +H.c.
)(
1 +
H0
v
)
.
(6)
It means that there are no flavor changing neutral cur-
rents since Mˆu,d are diagonal matrices. This also hap-
pens in the neutral currents coupled to the Z0 gauge bo-
son. In terms of the physical fields the lagrangian does
not depend at all on the V u,dR matrices (we will show
here that this is not the case when we have FCNC) and
the matrices V uL and V
d
L appear only as the combination
VCKM = V
u†
L V
d
L in the charged currents coupled to W
+:
U¯Lγ
µVCKMDL with UL = (u, c, t)
T
L and DL = (d, s, b)
T
L
being mass eigenstates and VCKM being an arbitrary uni-
tary matrix.
Next, it is necessary to determine how many phases in
VCKM (for simplicity this matrix will be denoted hereafter
simply by V ) are measurable. In quantum mechanics
only the relative phases are important. Therefore, we can
redefine the phases of the physical left-handed fields [8],
u˜αL = e
iϕ(α)uαL, d˜βL = e
iϕ(β)dβL, (7)
where ϕ(q) are arbitrary real numbers. There are 2N
of such quantities if there are N generations. Under
the above transformations we have (after absorbing the
phases we will forget the “tilde” in the fields)
U¯Lγ
µV DL → U¯LγµV ′DL = U¯LγµFu V F d†DL, (8)
where Fu ≡ Diag(eiϕ(u), eiϕ(c), eiϕ(t), . . .) and similarly
for F d. In general we can write V ′αβ = e
i[ϕ(β)−ϕ(α)]Vαβ ,
where α and β denote an u-like and a d-like quark, re-
spectively. A general N ×N unitary matrix has N2 pa-
rameters with N(N − 1)/2 of them taken as Euler angles
and the remaining ones being phases. We see that in
the matrix V ′, 2N − 1 of these phases are not measur-
able. This comes out because we have 2N unmeasurable
phases ϕ(β) and ϕ(α) but in V ′ only the phase differences
appear and there are 2N − 1 of such quantities (only a
common phase transformation of all left-handed quarks
leaves the elements of V invariant). Therefore, V has
N2− (2N −1) = (N −1)2 parameters where N(N −1)/2
are rotation angles. So, the number of phases in V ′ is
(N − 1)(N − 2)/2.
Although the argument above is correct we will con-
sider a little modified one which seems to be more ap-
propriate when the right-handed mixing matrices V u,dR
survive in the lagrangian density, like the case in which
there are flavor changing neutral currents in the theory.
However, it is still necessary to examine how this rephas-
ing affects the remaining terms in the lagrangian.
In the ESM the fermion-neutral gauge boson interac-
tions are flavor as well as helicity conserving. Thus, there
is no effect of the rephasing of the left- handed fields.
The Yukawa interactions, although they are flavor con-
serving, are not helicity conserving. However, it is possi-
ble to redefine the right-handed quarks exactly with the
same phase as the corresponding left-handed ones and
the Yukawa term remains unchanged too. That is,
u˜αR = e
iϕ(α)uαR, d˜βR = e
iϕ(β)dβR. (9)
In terms of the tilded fields, the lagrangian in Eq. (6)
is still diagonal, no trace of the phases introduced in
Eqs. (7) and (9) survives.
As we said before, the Yukawa couplings Γu,d, or the
mass matrices Mu,d, are arbitrary complex matrices. It
means that they have 2N2 real parameters, or N2 angles
and N2 phases. On the other hand, the matrices V u,dL,R
are unitary matrices that is, each one of them can have
up to N(N + 1)/2 phases. The matrices Mˆu,d are real
and diagonal (with positive eigenvalues). It means that
the N2 phases of Γu (or Γd) must be absorbed in the
N(N + 1) > N2 phases of V uL plus the phases of V
u
R .
We see that V uL and V
u
R do not need to be each one
of them general unitary matrix, since in this case they
have together more phases than the number needed to
diagonalize Γu. For instance, if we choose V uL to be a
general unitary matrix, i.e., with N(N + 1)/2 phases,
it is sufficient for V uR to have only N(N − 1)/2 phases;
or vice versa, if V uR is the general unitary matrix with
N(N + 1)/2) phases, V uL has only N(N − 1)/2 of them
(similarly with the d-like sector).
In the context of the ESM or its extensions without
FCNC both selections are indistinguishable. This can
easily be seen as follows. In the mixing matrix of the
charged currents coupled to the vector bosons W± only
the product V ≡ V u†L V dL appears in the lagrangian. The
matrices V u,dR do not appear at all in the lagrangian.
Thus, if we had chosen V dL (V
u
L ) as the general unitary
matrix, independently of the choice of V uL (V
d
L ), the ma-
trix V is itself a general unitary matrix with N(N +1)/2
phases. On the other hand, if we had chosen both V uL and
V dL as being unitary matrices both with only N(N−1)/2
phases, the rest of the phases needed to get real and pos-
itive mass eigenvalues must be in the matrices V u,dR and
V has only N(N − 1) phases. The last number has to
be equal or less than N(N +1)/2 which is the maximum
number of phases allowed for an unitary matrix. Hence,
N(N − 1) < N(N + 1)/2 for N = 2; but the number of
2
phases in V is againN(N+1)/2 for N ≥ 3. If we use now
the phase redefinition of the physical fields in Eqs. (7)
and (9) the observable phases are as usual for N ≥ 3
but for the case of N = 2 we can have only one phase.
It means that we can redefine not 2 × (N = 2) − 1 = 3
phase fields but only 2 × (N = 2) − 2 = 2. The matrix
V uR has N(N +1)/2 or N(N − 1)/2 phases, if the phases
of V uL are N(N − 1)/2 or N(N + 1)/2, respectively, (the
same for V dR). The phases will be observable if the ma-
trices V u,dR do not disappear from the lagrangian as it
is the case when the model has FCNC. Summarizing,
for N ≥ 3 we can always choose the number of phases
equal to (N − 1)(N − 2)/2 in the interaction with the
W± gauge boson. In the case of N = 2, if we want not
to have phases in V i.e., assuming that V uL and/or V
d
L
are general unitary matrix it means that V uR and/or V
d
R
have at least one phase. Anyway, there will be at least
N(N − 1)/2 for N ≥ 2 phases in the V u,dR mixing ma-
trices that will be observable if these matrices survive in
the lagrangian density.
In fact, this way of counting phases in the mixing
matrices is important in models with additional inter-
actions which are diagonal in the symmetry basis and
have FCNC. For instance if gauge singlets like ψ¯LψR (or
vectors like ψ¯Rγ
µψR) are allowed. This is the case in the
context of the SU(2)L⊗U(1)Y model if new generations
transform like a vector under the gauge symmetry.
With only one Higgs doublet there are no physical
charged fields. However, in extensions of the ESM model
with several Higgs doublets there are physical charged
fields. If the model has no FCNC the interactions of
these fields with the quarks have the form
∑
i
(
U¯LV Mˆ
dDRφ
+
i − D¯LV †MˆdURφ−i
)
+H.c., (10)
and we see that the same mixing matrix V of the charged
currents coupled to the vector bosonW± appears also in
these charged scalar-quark interactions. The same CP
violating phases appear in both, the Yukawa interactions
and in the charged currents coupled to the vector bosons.
For two or more doublets the fields φ±i are still symmetry
eigenstates, thus it will be possible to have CP violation
if the mixing matrix in the scalar sector has nontrivial
phases, but this is not relevant for the case considered
here.
In a n-Higgs-doublet model with FCNC, the Yukawa
term of the lagrangian in the quark sector is
− LY =
∑
i
ψ¯L
(
ΓdiΦi
)
D′R +H.c., (11)
where i = 1, · · ·n; plus a similar term in U ′R. Here Γu,di
are again arbitrary complex matrices in the flavor space.
After the spontaneous symmetry breaking we have φ0i =
vi + h
0
i and the h
0
i fields being linear combinations of
the physical neutral scalars (h0i =
∑
j OijH
0
j ); the mass
matrices are diagonalized as follows
V u†L
∑
i
viΓ
u
i V
u
R = Mˆ
u, V d†L
∑
i
viΓ
d
i V
d
R = Mˆ
d. (12)
The interaction terms with the neutral scalars are of
the form ∑
i
(
D¯LV
d†
L Γ
d
iV
d
RDR
)
h0i +H.c. (13)
or ∑
i,j
D¯LOijDRH0j +H.c., (14)
where
(Oij)αβ =
(
V d†L Γ
d
i V
d
ROij
)
αβ
, (i fixed). (15)
The matrices V dL,R diagonalize
∑
i viΓ
d
i but not viΓ
d
i
separately for each i; hence we have flavor changing neu-
tral currents coupled to the neutral scalars. Notice that
since Γdi are arbitrary matrices V
d†
L Γ
d
i V
d
R have N
2 phases
in N ≤ n − 1 of the Γdi matrices. We have no more
freedom to redefine phases since we have already used
it in absorbing the phases of the Cabibbo-Kobayashi-
Maskawa matrix V , as discussed above. It means that
even in the case of N = 2 generations we will have four
physical phases in N of the matrices Γdi appearing in the
neutral currents via scalar exchange even if the matrix
V dR has only one phase.
The charged Yukawa interactions are of the form
∑
i
U¯LV
u†
L Γ
d
i V
d
RDRφ
+
i +H.c., (16)
and the same number of phases of Eq. (13) survives here
too. Since φ+i are symmetry eigenstate fields we can
rewrite Eq. (16) in terms of the mass eigenstates H+j
(φ+i =
∑
j KijH+j )
∑
i,j
U¯LVijDRH+j +H.c., (17)
where we have defined
(Vij)αβ =
(
V u†L Γ
d
i V
d
RKij
)
αβ
, (i fixed) (18)
with α = u, c, t, β = d, s, b. Notice that the interactions
in Eqs. (13) and (16) (or (17)) are not proportional to the
quark masses; even if Oij and Kij were complex matrices,
there are N2 phases in the matrices O and V in Eqs. (15)
and (18), respectively.
Concerning the charged leptons, they can be rotated
like the d−like quarks in Eq. (5) but now with V lL,R in-
stead of V dL,R. In the lepton sector the Yukawa interac-
tions are (with massless neutrinos)
3
− LlY =
∑
i
(
ν¯L V
l†
L Γ
l
iV
l
R lRφ
+
i + l¯L V
l†
L Γ
l
iV
l
R lR h
0
i
)
+ H.c., (19)
where we have redefined the neutrino fields so that
there is no mixing in the charged current coupled to
the vector bosons W±. The mass matrix for the
charged leptons M l =
∑
i(vi/
√
2)Γli is diagonalized as
in the case of the quarks V l†L M
lV lR = Mˆ
l, with Mˆ l =
Diag(me,mµ,mτ , · · ·). Hence, the unitary matrices V lL,R
diagonalize M l but not viΓ
l
i separately. Although we
have redefine the neutrino fields in the charged currents
coupled to the vector bosons W±, the same is not possi-
ble in the interactions with φ±i . Hence, we can see from
Eq. (19) that even with massless neutrinos we cannot
avoid, in general, to have mixing in the charged currents
coupled to the charged scalars and FCNC mediated by
the neutral scalars in the charged lepton lepton sector as
well. If we allow Γli to be general N ×N complex matri-
ces we have N2 phases in the Yukawa interactions of the
charged Higgs in the lepton sector.
The currents in Eq. (19) can be written in terms of the
physical charged scalar:
∑
i,j
(
ν¯L V lij lRH+j + l¯LOlij lRH0j
)
+H.c., (20a)
with
(V li,j)αβ =
(
V l†L Γ
l
iV
l
RKij
)
αβ
, (i fixed), (20b)
and
(Olj)αβ =
(
V l†L Γ
l
iV
l
ROij
)
αβ
, (i fixed), (20c)
where α, β = e, µ, τ .
III. PHENOMENOLOGICAL CONSEQUENCES
An important consequence of this kind of models is
that they imply direct CP nonconserving processes. For
instance, ∆S = 1 processes like the K0L → 2π decay. In
the ESM only penguin diagrams contribute to this sort
of processes [9]. In the present context CP violation
arises because of the interference of the amplitudes of
the diagrams shown in Fig. 1 and that of the standard
electroweak model involving W bosons. Similar effect
exists in hyperon decays [10].
More interesting is the case of CP violation in semi-
leptonic and leptonic decays. For instance, π → lνl (par-
ticularly when l = µ), τ → µνν¯ and µ → eνν¯ decays.
Usually it is assumed that the π+ decay conserves CP .
For massless neutrinos the CP mirror image of the decay
π+ → µ+LH + νµ is π− → µ−RH + ν¯µ. In the first one the
helicity of the muon is negative while in the second one
s u
V
us
V

ud
H
 

d
u
FIG. 1. Charged scalar H− contribution to K0L → pi
+pi−.
it is positive. Positive pions come to rest then they de-
cay as π+ → µ+νµ. Next, the muon after traveling some
distance comes to rest and it decays as µ+ → e+νeν¯µ.
Events of the chain π− → µ− → e− are not seen in this
form since negative pions coming to rest in any mate-
rial are attracted by a nucleus and captured at a rate too
great for the decay be competitive. Hence, it follows that
pions decaying in flight in vacuum are required for a CP
test [11]. Similarly for the µ− decay.
In models with multi Higgs doublets and FCNC the
interference of the amplitudes in Fig. 2 and that of the
similar diagram involving the W boson implies CP vio-
lation in π± decays.
u

d
V

ud
V
l


H
+



+
FIG. 2. Charged scalar H+ contribution to pi+ → µ+νµ.
Here we will use the normalization of Ref. [12] which
implies 〈0|Aµ(0)|π(~q)〉 = ifpiqµ and 〈0|P (0)|π(~q)〉 =
ifpim
2
pi/(mu + md) [13]. We can define the rate asym-
metry
∆pi ≡ Γpi+ − Γpi−
Γpi+ + Γpi−
=
κpi
2Γpi+ − κpi , (21)
where the difference of the partial width of the respec-
tive decays π+ → µ+νµ and π− → µ−ν¯µ (Γpi±) is given
by the interference term κ = 4 Im(MWMH), times the
phase-space factor (which cancel out in the ratio ∆pi);
MW (MH) denotes the invariant amplitude due to the
W vector (H scalar) boson. Thus we have:
κpi ≡ Γpi+ − Γpi−
= 4
∑
j
GF f
2
pim
3
pimµ
8π(mu +md)m2Hj
Im(Aj) sin∆δ, (22)
where we have defined ∆δ = δ+ − δ− with δ+ (δ−) be-
ing CP conserving re-scattering phases for the π+ (π−),
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respectively, coming from higher order corrections to the
diagram in Fig. 2. For instance loop induced correction
in the vertex on the right-vertex in Fig. 2 can arise in the
model. However they must be of the order of GFm
2
pi ∼
10−7 [14]. We have also defined Aj = Vud(V∗j )ud(V lj)µνµ .
The contribution of a given scalar j can be suppressed
if Im(Aj) sin∆δ is small or; if the mass mHj is large.
Since the phases δ+ and δ− vanish at leading order we
will assume that sin∆δ is the main suppression factor.
For instance, using fpi ≈ 0.131 GeV, mu+md = 10 MeV,
mµ = 106 MeV [12] and for a j fixed mHj = 100 GeV we
have
κpi
h¯
≈ 1.4× 1010 Im(Aj) sin∆δ s−1. (23)
We do not know what must be the experimental value
of κpi, since there is no a direct measure of the difference
of the partial width of π+ with respect to π−. (It is
always measured Γpi+ and it is assumed that the value
for Γpi− is the same.) However if κpi ≪ Γpi we have
∆ı ≈ κpi
h¯
τpi
2
≃ 1.9× 10−7[1.4× 1010 Im(Aj) sin∆δ]
= 2.66× 103 Im(Aj) sin∆δ (24)
with Im(Aj) sin∆δ ≈ 10−10 (j fixed), which is not an
unreasonable value (even if Im(Aj) <∼ 1) for a quantity
which arise at higher order, we have an asymmetry ∆pi
of the order of 10−7 as in Ref. [14]. In fact if we assume
sin∆δ ∼ O(10−10) there is no contraint at all on Im(Aj)
even for a light Higgs scalar (MH ∼ 100 Gev). We stress
that Γ’s matrices in Eqs. (20), in principle, are neither
unitary nor hermitian, so the most general constraints
come from perturbation theory: |Γ|2/4π < 1. Similar
analysis can be done with the µ+ and µ− decays. In this
case we can define in analogy with the ∆pi an asymmetry
∆µ. However, it is not clear for us what is the relation
between ∆pi and ∆µ and the ACP asymmetry in Eq. (1).
Notice that the mallness of the CP violation in the π
and µ decays does not implies a small CP violation in
the chain π → µ e since it may exist an CP observable,
say A, such that
A(π+ → µ+ → e+)−A(π− → µ− → e−), (25)
depends only on the weak phases. In calculating the
asymmetry in Eq. (25) muons have to be considered as
virtual particles [15].
Contributions to ǫ′K at the tree level constrain Vus; so,
compatibility with data Re (ǫ′K/ǫK) = (28± 4.1)× 10−4
from KTeV [16] and (18.5±7.3)×10−4 from NA48 [17,18]
can be obtained by choosing appropriately this matrix e-
lement (for a MH = 100 GeV Higgs scalar) since the ∆pi
asymmetry does not constrains it too much.
In the present model there are also contributions to ǫ′K
coming from processes mediated by neutral Higgs bosons
and in the KL → lνlπ decay because of the interference
of s¯ → u¯W+ → u¯lνl and s¯ → u¯H+ → u¯lνl. They may
be suppressed mainly by the CP conserving phases.
s u

H
+
H
 
Z
0

d
u
FIG. 3. Scalar mediated contribution to the KL → piνν¯
decay.
IV. RARE DECAYS
It is worth to make a remark with respect to the
rare neutral kaon decays like KL → π0e+e− [19] and
KL → π0νν¯ [20]. Both decays in the standard model
violate CP in leading order. In particular the decay
KL → π0νν¯ is not only CP violating, but also it does not
have the potentially large 2γ mediated CP -conserving
contributions which occur in the KL → π0e+e− de-
cay [21].
Denoting the CP -violating parameter η¯piνν¯ , it has been
shown that 0.1 <∼ η¯piνν¯ <∼ 1 [22], which is much larger
than the corresponding K → ππ parameters. Although
in the standard model this decay has a branching ratio
B(KL → π0νν¯) = 2.78 × 10−11 [23] the experimental
data give [12]
Γ(KL → π0νν¯)
Γtotal
< 4.3× 10−5. (26)
It means that this decay can be sensitive to new physics.
In the standard model the main contributions to the de-
cay KL → π0νν¯ come from penguin and box diagrams.
On the other hand, in the present model this decay pro-
ceeds via diagrams like that in Fig. 3. The interference of
the diagram in Fig. 3 with a similar one with H± →W±
induces CP violating effects.
Independently of the CP issue, using the model inde-
pendent ratio [24]
B(KL → π0νν¯) < 4.4×B(K+ → π+νν¯) (27)
which is valid even if lepton flavor is not conserved
and [12]
B(K+ → π+νν¯) = 1.5+3.4−1.2 × 10−10,
we obtain
B(KL → π0νν¯) < 6.6× 10−10. (28)
In the present model the decay KL → π0νν¯ arises at the
tree-level while the decay K+ → π+νν¯ arises at the 1-
loop level. Hence, at first sight it appears that in this
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model the inequality in Eq. (27), which assumes only
isospin relations, can be evaded and B(KL → π0νν¯) >
B(K+ → π+νν¯). Notwithstanding, notice that the ef-
fective interaction Lagrangian arisen from diagrams like
that in Fig. 3 are not of the four-fermion form (s¯d)(ν¯ν)
but of a legitimate six-fermion form. For instance, the
strength of the diagram in Fig. 3 is proportional to
∑
j
(Vj)2udMK
M4HjM
2
Z
. (29)
The dimensionless ratio of the strength of the ampli-
tude in Fig. 3 with respect to the four-fermion effective
interaction Lagrangian in the standard model, denoted
here by ASM , is (assuming a fixed j)
R =
M4K(Vj)2ud/M4HjM2Z
ASM
(30)
where
ASM = Gµα(MZ)2 ImC/
√
2π sin2 θW GeV
−2 (31)
with the values for the parameters in Eq. (31) given in
Ref. [23] we obtain ASM ≈ 3.6×10−11GeV−2. Hence we
have in Eq. (30)
R ≈ 7.7× 104
(
1GeV
MHj
)4
(Vj)2ud. (32)
We see that even a relatively light scalar MHj > 80 GeV
gives a contribution which is 10−3 smaller than the stan-
dard model 1-loop contributions. The decay KL → π0νν¯
was considered in two- and three-Higgs doublet models
with and without FCNC in Ref. [25]. There it was shown
that the contributions of the charged Higgs bosons for
that decay is also smaller than the standard model result
and thus unmeasurable.
In the lepton sector the flavor violation effects via the
neutral scalar exchange induce not only the usual muo-
nium (M ≡ µ+e−)–antimuonium (M¯ ≡ µ−e+) transi-
tion [26] but also CP violation, this leaves this system
closer to the neutral kaons [27]. Notice that in this model
there are scalar and pseudoscalar contributions to the
M → M¯ transition [28]. If the |(V lj)µνµ | matrix element
is left arbitrary in the pion decay, the CP -violation neu-
tral interactions given in Eqs. (20) can be large enough
to be detected by comparing M → M¯ to M¯ → M con-
versions.
There are other exotic decays that are induced by this
sort of models. For instance µ→ eγ, µ→ eee¯ and other
rare τ decays. The branching ratio of the first decay
above is B(µ → eγ) < 4.9 × 10−11 [12]. In the present
model there are contributions coming from both neutral
and charged scalars through the interactions in Eqs. (20).
For the charged scalars we have [29]
B(µ→ eγ) = α
48π

∑
i,j
(V lj)µi(V l†j )ei
M2HjGF


2
, (33)
and for accounting the experimental branching ratio we
have that (for i, j fixed) in Eq. (19) we have
|(V lj)µi(V l†j )ei|2
(
1GeV
MHj
)4
< 1.96× 10−16. (34)
for a scalar mass of 100 GeV we have that
|(V lj)µi(V l†j )ei|2 < 10−8. When i = µ this value is com-
patible with that needed for saturate the value of .... The
decay µ → eee¯ has a branching ratio B(µ → eee¯) <
1.0×1012 [12] and it is induced in the present model only
by neutral (pseudo) scalars. It means a constraint only
on the matrix elements of Olj and also on the mass of the
neutral Higgs, but both sort of parameters do not appear
in the π → µν decay. This is also valid for the contribu-
tions of the neutral scalar to the µ→ eγ decay and also
to the constraint coming from the KL → µe¯ decay which
has B(KL → e±µ∓) < 3.3×10−11 [12]. For the two dou-
blet case, the process KL → µe¯ implies scalar masses of
the 30-200 GeV, depending of the ratio of the VEVs [30].
There will be also CP violation in another semileptonic
decays as B0 → Xνll; and also in pp¯ → l±νX be-
cause of the interference of pp¯ → W±X → l±νX with
pp¯→ H±X → l±νX but we will not consider them here
since the exotic leptonic decay seems to be more restric-
tive.
There is another source of suppression that we would
like to pointed out [31]. Suppose the case of two dou-
blets. In this case we have two massive neutral scalars.
The charged lepton Yukawa interaction in Eq.(19) can be
written as
V l†L Γ
l
1V
l
R =
√
2
v1
Mˆ l − v2
v1
V l†L Γ
l
2V
l
R. (35)
It means that the vertex in Eq. (20a) are proportional to
V l†L Γ
l
2V
l
R
(
−v2
v1
O1j +O2j
)
+
√
2
v1
Mˆ lO1j . (36)
This implies that there are invariant amplitudes that are
proportional to
∑
j
(
−v2
v1
O1j +O2j
)2
1
M2Hj
. (37)
For non-diagonal transitions µ → e, τ → µ (the later
one appears in the process like τ → µee¯, which also oc-
curs in these sort of models), the mass terms in Eq. (36)
do not contribute. Even for diagonal processes, if v1 is of
the order of the Fermi scale the mass terms are negligible.
It means that one of the matrix elements can be chosen
such that the term between parentheses is small, for in-
stance, for the lightest scalar −(v2/v1)O1j + O2j ≪ 1
6
(j fixed). The other matrix elements are determined by
the orthogonality condition but these contributions are
suppressed by the mass MHj . For more than two dou-
blets there will be always some vertices that can be sup-
pressed in this way; the other ones can be suppressed
by the masses of the scalars. A similar analysis is valid
for the pseudoscalar sector. Notice that a light neutral
scalar contribution to the K0− K¯0 mass difference must
be suppressed by the mixing angles of the right-handed
matrix V dR as it appears in Eq. (13); or/and because of
the fact that the phenomenological scalar that couples to
quarks is different from that that couples to the charged
leptons.
Finally, let us consider the branching ratio
R ≡ π
+ → e+νe
π+ → µ+νµ (38)
which is rather experimentally suppressed and for this
reason is an important process to test the µe universal-
ity [32]. We have that [12]
Rexp = (1.230± 0.004)× 10−4, (39)
and in the present model we have [13]
R = R0

 1 + (V∗j )ud(V lj)eνem2pi/2−
1
4G
1
2
FmeM
2
H
1 + (V∗j )ud(V lj)µνµm2pi/2−
1
4G
1
2
FmµM
2
H


2
, (40)
where R0 is the standard model contribution [13]. This
implies that even if |(V∗j )ed(V lj)eνe | ≈ 1 a Higgs with
MH = 1000 GeV, as considered in Eq. (22), produces
a 0.4% shift in R for any value of (V∗j )ud(V lj)µνµ . How-
ever, since neutrinos are not detected in experiments it
implies similar bound on non-diagonal matrix elements.
In models where the Higgs scalars couple in proportion
to the fermions mass the pion decay implies MH = 80
GeV [33]; if the couplings are proportional to the mass
of a heavy fermion we have MH > 0.5 TeV [34].
V. CONCLUSIONS
We would like to stress that the features we have shown
in this work can be implemented in other models with
complicated Higgs sector and intermediate mass scales.
An interesting possibility arises when, by imposing an
appropriate discrete symmetry, the scalars coupled to
the leptons are different from the scalars coupled to the
quarks. In this case we have the so called “leptophilic”
Higgs scalars since the VEV of the neutral scalars cou-
pled to the leptons may not be necessarily of the same
order of magnitude than the VEVs which give mass to
the quarks and vector bosons [35].
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